INTRODUCTION
Discovery of lunar "water" ("water" is used for total OH and H 2 O) in mare picritic glass beads (Saal et al., 2008) , apatite (McCubbin et al., 2010; Boyce et al., 2010; Greenwood et al., 2011) , igneous melt inclusions (Hauri et al., 2011; Saal et al., 2013) , impact regolith (Liu et al., 2012) and highland plagioclase (Hui et al., 2013) indicate that much of the early Moon contained "water" concentrations similar to Earth's mantle, contradicting older studies that indicated the Moon lacked indigenous "water" (Epstein and Taylor, 1973) . A model for crystallization of apatite shows that most lunar magmas may actually be relatively dry overall (Boyce et al., 2014) ; this suggests that (with the exception of anomalous "water"-rich lunar picritic glass 74220: Saal et al., 2013; Chen et al., 2015) the lunar interior contains very little hydrogen (Albarède et al., 2015) . A lack of systematic study of volatiles in a single lunar magma body, as well as no di-more slowly cooled members of the suite, 12018, 12035, and 12040; results on more rapidly cooled basalts 12009 and 12004 will be presented elsewhere.
In the search for indigenous water in lunar samples, all 156 of the first Apollo 11 thin-sections and probe mounts were examined for aqueous fluid inclusions, but none were found (Roedder and Weiblen, 1970 ). An abundance of olivine-hosted melt inclusions were found in lunar samples and these are ubiquitously observed in thin sections from the Apollo 12 olivine basaltic rocks (Roedder and Weiblen, 1971) . These melt inclusions occur in a variety of textural types and contain a relatively diverse array of compositions (Roedder and Weiblen, 1971 ). Many olivine-hosted melt inclusions in lunar samples were likely trapped quite early during magmatic development by rapid skeletal growth of olivine crystals (Roedder and Weiblen, 1971) . Smaller melt inclusions often contain only quenched glass and a shrinkage bubble (from the effects of cooling and degassing). This type of inclusion is rare: Roedder and Weiblen (1971) observed only one melt inclusion >22 mm that was entirely glass. The contents of most melt inclusions >2 mm have partially crystallized to yield ilmenite, plagioclase, and pyroxene as daughter minerals trapped within olivine-host phenocrysts (Roedder and Weiblen, 1971) . Vapor bubbles, formed when the disproportionately large shrinkage of Walker et al. (1976a) . We studied the more slowly cooled member of this suite (in bold), 12018, 12035, and 12040. the enclosed melt exceeds the shrinkage of the surrounding crystal during cooling, are ubiquitous except for the smallest glassy ones (Roedder and Weiblen, 1971) . Though the three samples studied here (12018, 12035, and 12040) differ in inferred cooling rates and plagioclase grain size, melt inclusions with similar textures are found among all the Apollo 12 olivine basalts (Roedder and Weiblen, 1971) .
Fig. 1. Apollo 12 olivine basalts and their cooling history. (A) Backscatter electron image (BSE) of
Melt inclusions that are trapped early during the crystallization sequence can potentially armor volatile elements against later processes that may cause loss or fractionations, such as crystallization, subsolidus diffusion, and degassing (e.g., Kent, 2008; Métrich and Wallace, 2008) . While volatiles in olivine-hosted melt inclusions of the picritic glasses of lunar soils have proven useful for understanding lunar volatiles (Hauri et al., 2011; Saal et al., 2013; Chen et al., 2015) , a systematic study of volatiles in olivine-hosted melt inclusions from a consanguineous lunar magma body has not been attempted. By studying the hydrogen content and D/H of melt inclusions in these slowly cooled rocks of the Apollo 12 basalts, and using available diffusion data for H in olivine (Demouchy and Mackwell, 2003) , Fe-Mg interdiffusion in olivine (Dohmen and Chakraborty, 2007) , and H in apatite (Higashi et al., 2017) , we hope to place constraints on the evolution of magmatic hydrogen in a well-studied suite of lunar basalts. We can also evaluate a recent model for the D/H evolution of lunar basalts, which predicts a correlation between D/H and degree of subsolidus equilibration (Treiman et al., 2016) . 12018,266, 12035,76, and 12040,216 were obtained from NASA Johnson Space Center (JSC); detailed petrographic descriptions of the samples are given below. The chips were mounted in proprietary metal alloys with low melting points, called Eco72 and Eco60, which are eutectic alloys of indium and tin, similar to Field's metal. Different mounting techniques were required for these samples; the coherent cumulate 12040,216 was mounted first in cyanoacrylate and cut with a low-temperature diamond wafer blade in 100% ethyl alcohol. 12035,76 was quite friable, and disintegrated during sample handling. This required mounting the small pieces directly with the low-melting-temperature metal. The samples were polished first with dry silicon carbide papers or with 100% ethyl alcohol. Final polishing was done with 0.05 mm alumina powder and 95% ethanol, as is done routinely for final polishing of lunar thin-sections at JSC. All samples were mounted with a suite of volatile element standards, both glass and apatite.
METHODS

Apollo rock chips
Olivine grains with melt inclusions were identified by optical microscopy and the JEOL 6390-LV scanning electron microscope (SEM) at Wesleyan University. Techniques using only minimal electron beam exposure of possible SIMS analytical areas were employed, to lessen the possibility of electron beam volatile element migration in glasses (e.g., Greenwood and McSween, 2001 ). Hydrogen and deuterium of lunar basaltic melt inclusions were measured with the modified Cameca ims 1270 at Hokkaido University. For spot analysis, a Cs + primary beam of 20 keV was focused to a beam spot of approximately 10 mm on the surface of the sample with a beam current of ~3 nA. Character of the beam is closely monitored before and after each analysis to check for any deviations by monitoring the collected SCAPS (Scanning CMOS-type Activated Pixel Sensor) ion images. The 1 H SCAPS image is critical to avoid any potential surface water contaminants, such as from cracks, holes, and micro-cracks. The sub-micron resolution of 1 H ion images from the SCAPS detector of the sample surface allows us to choose homogeneous areas nominally free of terrestrial contamination for spot analysis. In order to remove crater edge effects of adsorbed water on the sample surface, secondary ions generated from the center of the pri- mary beam irradiation area of 2 ¥ 2 mm 2 were collected using a field aperture of 200 mm 2 . The negative secondary ions of 1 H and 2 D were collected sequentially in an electron multiplier for 2 seconds and for 20 seconds, respectively, in peak-jumping mode, at a mass resolving power M/DM of ~2300. This mass resolution was sufficient to obtain interference-free peaks of the target isotopes. Each analysis involved 30 magnet cycles; i.e., abundances of each isotope were analyzed 30 times sequentially. After the hydrogen isotope analysis, H 2 O contents were immediately analyzed at the same spot under the same SIMS setting. The negative secondary ions of 1 H, 18 O, and 28 Si were collected sequentially in an electron multiplier for 10 seconds to calculate a 1 H/ 28 Si ratio. Analyses were conducted in two consecutive sessions, and did not vary greatly between the different days (Supplementary Fig. S2 ). Water abundances were determined using 1 H/ 28 Si normalized to the silica content of the standard glass or melt inclusion (e.g., Hauri et al., 2002) . The calibration curve for water for the standard glasses in the two sessions is shown in Fig. S2 . Two standard glasses were employed in these two sessions, a synthetic lunar glass K2292 (75 ppm H 2 O) and a submarine pillow basalt, JFR (2540 ppm H 2 O), with a dD = -52‰. The H 2 O content of K2292 was determined by SIMS using other standard glasses in a separate analytical session. The H 2 O content and dD of JFR were determined using a Thermo TC-EA and Delta Advantage mass spectrometer using standard techniques for the analysis of H 2 O and dD of minerals (Sharp et al., 2001) . The column of the TC-EA was packed with Cr powder and glassy carbon, using methods modified after Gehre et al. (2015) .
Melt inclusions in this study were predominantly devitrified, requiring the analysis of mixtures of quench daughter crystals and glass (Fig. 2) . As the daughter minerals in the melt inclusions are anhydrous minerals, the hydrogen is dominantly sited in the glass. Riciputi and Greenwood (1998) first showed that SIMS analysis of mixed matrix targets is possible for isotopic ratios, if the isotope of interest is predominantly sited in one phase. In the present study, hydrogen and deuterium are predominantly sited in the glass, thus allowing for the techniques of Riciputi and Greenwood (1998) to be employed here. In support of this technique, melt inclusion MI23 from 12035,76e is almost all glass, and H 2 O and dD of this melt inclusion is similar to other melt inclusions in this study that were a mixture of glass and anhydrous crystals ( Fig. 2 ; Table 1) .
After SIMS analyses, samples were analyzed with the JEOL Field Emission Gun (FEG) SEM (JSM-7000F) at Hokkaido University to verify the accuracy of the SIMS spot analyses. Quantitative electron microprobe analyses were accomplished with the JEOL "Hyperprobe" FEGelectron microprobe at Yale University using standard techniques.
RESULTS
12018,266B
Apollo sample 12018 is composed of approximately 70% large olivine and pyroxene crystals and 20% variolitic matrix (Walter et al., 1971 ) (see Fig. 1 ), with grain sizes of olivine in this rock falling within the range of 0.4 to 1.0 mm (Fig. 1b) . Olivine grains range in composition between rims of Fo 43 and cores of Fo 73 and contain lower concentrations of trace elements than many other Apollo 12 lunar samples (Walter et al., 1971) . The wide compositional range and low trace element concentrations of olivines in this sample indicate that this sample did not interact significantly with late stage melts (Walter et al., 1971 ). In the model of Walker et al. (1976a) , this is the most rapidly cooled rock that we examine in the present study, with an average plagioclase grain size of 0.16 mm that crystallized 1.8 m from the base of the magma body (Fig. 1c) .
All melt inclusions examined in section 12018,266B 12040,216b, 12035,76e, 12018,266b, and apatite from 12018,7 (J. Greenwood, unpub. data) and 12040,211 (from Greenwood et al., 2011) 
. Error for H 2 O is 10% and is derived from counting statistics
were small, ~10-20 mm in diameter, with a feathery internal texture (Fig. 2) . These dendritic minerals are inferred to be quench crystals, and include pyroxene, plagioclase, and ilmenite in silicate glass. Exsolution bubbles were commonly present. Four of these melt inclusions had the highest H 2 O concentrations measured in this study (62-740 ppm H 2 O) ( Table 1 and Fig. 2 ). The dD of the four melt inclusions ranged from +6 ± 185‰ (2s) to -183 ± 212‰ (2s) ( Table 1 and Fig. 3) .
12035,76A and 12035,76E
Apollo sample 12035 is a coarse, olivine-rich gabbro with euhedral to subhedral chrome spinel and olivine, and subhedral to anhedral clinopyroxene, enclosed in poikiolitic plagioclase, with anhedral ilmenite that is interstitial (James and Wright, 1972;  Fig. 1a) . Walker et al. (1976a) determined modal olivine content of 28.7%. Olivine crystals are relatively iron rich compared to other coarse-grained Apollo 12 basalts (olivine cores of Fo 65 and rims of Fo 52 ). The large olivine grains present in this sample contain abundant melt inclusions of various compositions and textures (Roedder and Weiblen, 1971) . A petrological examination of the olivine basalt crystallization sequence determined that sample 12035 crystallized 11 m above the base of the Apollo 12 basalt flow ( Fig. 1c ; Walker et al., 1976a) .
We examined olivine-hosted melt inclusions from subsections 12035,76A and 12035,76E. While the rock shows evidence for a slow cooling rate, melt inclusions contain a feathery-textured mixture of pyroxene, plagioclase, ilmenite, and glass, often with a vapor bubble (Fig. 2) , indicating quench textures. The melt inclusions are moderately sized (~10-20 mm in diameter). Two analyses yielded H 2 O concentrations of 28 and 156 ppm, with dD of -22 ± 121‰ (2s) to -209 ± 124‰ (2s) ( Table 1 and Fig. 3) .
12040,216B
Apollo sample 12040 is a coarse, slowly cooled olivine basaltic cumulate composed mainly of olivine and pyroxene with an average grain size of 1 mm (Champness et al., 1971) . The prominent olivine grains present in 12040 are more iron rich than expected from crystallization of a liquid of the bulk composition of 12040. This fact suggests that 12040 is a cumulate, formed by addition of olivine grains to a magma, and thus 12040 does Saal et al. (2013) . Error bars are 2s.
not represent the composition of a magma (Newton et al., 1971; Champness et al., 1971) .
Olivine occurs as large crystals, both enclosed by or growing interstitial to larger pyroxene phenocrysts, and separately associated with smaller pyroxene grains (Newton et al., 1971; Walter et al., 1971) . The olivine composition is generally ~Fo 53-58 (Walter et al., 1971) or Fo 58 (Baldridge et al., 1979) . Champness et al. (1971) observed two distinct compositional groups of olivine crystals in 12040, and proposed that some olivines were indigenous to the magma, while others were added (i.e., exogenous). Plagioclase, ilmenite, and chromite (rarely rimmed by ulvöspinel) occur in sample 12040 at lower abundances (Walter et al., 1971; Champness et al., 1971) . We examined thick sections of Apollo 12 sample 12040,216, including sub-samples 12040,216B and thin section 12040,210.
Melt inclusions present in 12040,216B in this slowly cooled gabbro contain crystals of pyroxene, plagioclase, and ilmenite, and vapor bubbles, and have similar textures to melt inclusions in 12018 and 12035. We analyzed six melt inclusions (all olivine-hosted) and found H 2 O contents of 27 to 90 ppm, and dD of +138 ± 61‰ (2s) to -53 ± 92‰ (2s) ( Table 1 and Fig. 3 ).
DISCUSSION
Water content and D/H of Apollo 12 olivine-hosted melt inclusions
Water contents and D/H of Apollo 12 olivine-hosted melt inclusions are shown in Fig. 3 with those in 74220 olivine-hosted melt inclusions (Saal et al., 2013) , and it can be seen that the Apollo 12 melt inclusions are lower in dD. Three of four melt inclusions studied in 12018 have water contents similar to those of 74220 olivine-hosted melt inclusions, and much higher water contents than the olivine-hosted melt inclusions of the more slowly cooled basalts 12035 and 12040. All of the melt inclusions in the three Apollo 12 basalts have similar D/H to each other within error, a D/H that is lower than that in 74220 olivinehosted melt inclusions, and a D/H similar to terrestrial water contamination (Fig. 3) . Yet, the water contents of olivine-hosted melt inclusions are quite high in 12018, suggesting that indigenous lunar hydrogen of low D/H (not necessarily magmatic or primitive) was measured. This should not be surprising, as a low D/H hydrogen has been found in lunar basalts previously (Greenwood et al., 2011) , and since then a number of studies have reported lunar apatite with low D/H, both similar to terrestrial, and significantly lower (e.g., Robinson and Taylor, 2014; Tartèse et al., 2014) .
We see three possible explanations for the low D/H values of melt inclusions analyzed in this study: 1) terrestrial contamination, 2) a low D/H lunar mantle reservoir (Robinson and Taylor, 2014) , and 3) influence of solar wind hydrogen of low D/H (Greenwood et al., 2011; Treiman et al., 2016) . We explore these three options in detail below.
Terrestrial contamination is, of course, always a possible explanation for SIMS analyses with D/H that is indistinguishable from that of terrestrial materials. But, we applied methods developed over decades (e.g., Kurosawa et al., 1992) to recognize and avoid the influence of terrestrial hydrogen in our analytical technique, and we also undertake analyses of host olivine grains as background tests, and the water contents of these olivine grains are <10 ppm or better depending on vacuum conditions inside the sample chamber of the ion microprobe. Also, the H 2 O contents of three of the melt inclusions in 12018 are well above background levels measured in olivine (<10 ppm H 2 O in co-existing olivine) (631 to 740 ppm H 2 O in 12018 melt inclusions; Supplementary Table S1 and Fig.  3) , thus minimizing the influence of background terrestrial contaminants for these analyses, which are similar in D/H to the low water melt inclusions in this study. Two of these water-rich melt inclusions from 12018 are shown in Fig. 2 , alongside two melt inclusions with low water from 12035. All four of the melt inclusions in Fig. 2 have potential sources of contamination and other problems, including cracks, possible edge effects, and vapor bubble holes. Using our SCAPS ion imaging, which allows us sub-micron spatial resolution of hydrogen contamination in potential analytical spots, we can reject areas having these potential problems. Moreover, our technique is able to extract the ions from the central 2 ¥ 2 mm area in the center of the analytical spot, thus minimizing these possible problems as well. Two of these melt inclusions contain more than 600 ppm H 2 O, and the other two contain less than 100 ppm H 2 O. All four melt inclusions are similar in D/H. While we cannot completely rule out the effects of terrestrial contamination in our analytical technique, the three melt inclusions with >600 ppm H 2 O are unlikely to be dominated by terrestrial hydrogen, thus we conclude that all of our analyses are unlikely to be dominantly terrestrial hydrogen, and the low D/H is from lunar hydrogen that we have measured in these melt inclusions.
If the hydrogen we have analyzed here is indeed lunar, then one must ask if this is a mantle hydrogen signal of low D/H (Robinson and Taylor, 2014) . As the melt inclusions are trapped in early crystallizing olivine, this could be possible. But, we have looked at slowly crystallizing basalts in this study, and recent work has shown that olivine is not a very good container for hydrogen, and that water contents in melt inclusions can equilibrate with their host magmas in only a matter of hours (Gaetani et al., 2012) . To illustrate this, we have calculated H diffusion and Fe-Mg interdiffusion equilibration times for a typical olivine grain in basalt 12035 (Table S1 ). H diffusion is several orders of magnitude faster than Fe-Mg interdiffusion between 600∞C and 1200∞C, and the calculations suggest that H in olivine-hosted melt inclusions would easily diffuse through the host olivine grains and equilibrate with interstitial liquid during cooling, as well as be able to diffuse and exchange during subsolidus cooling.
Thus, it is quite likely that water contents and D/H of olivine-hosted melt inclusions in the Apollo 12 olivine basalts that we have studied were constantly re-equilibrating with interstitial melt in the cooling cumulate pile. The only way that these melt inclusions could be sampling low D/H from the lunar mantle is if the Apollo 12 olivine basalt parent magmas did not lose or gain any hydrogen during transport, storage, eruption, and cooling. Degassing of lunar magmas should elevate their D/ H (Sharp et al., 2013; Tartèse and Anand, 2013; Saal et al., 2013) , not lower D/H, as the only way to lower D/H during degassing is to have H 2 O be the dominant degassing hydrogen species (Taylor, 1986) . If lunar magmas were degassing hydrogen, then the D/H of the Apollo 12 interstitial melt should be high and similar to that of apatite in Apollo 12 basalts (Greenwood et al., 2011) , rather than the low D/H values we measure here.
D/H of apatite and olivine-hosted melt inclusions in cumulate basalt 12040 are similar (Greenwood et al., 2011; Treiman et al., 2016;  Table 1 ). This could be evidence that the melt inclusions and apatite are sampling the same evolved hydrogen reservoir that is low in D/H in this sample (i.e., the interstitial melt that apatite crystallized from is equilibrated in hydrogen and deuterium with the melt inclusions in this sample). Or it could be evidence that the lunar mantle D/H is similar to that of the Earths' oceans. Alternatively, it could suggest that H diffusion in olivine and apatite are similar, and that both olivine-hosted melt inclusions and apatite were able to re-equilibrate during subsolidus cooling (Treiman et al., Fig. 4 (Saal et al., 2013) with the same symbols as Fig. 3 . Also included here are apatite data from 12018,7 (J. Greenwood unpub. data) and 12040,210 (Greenwood et al., 2011) . The 12018 apatite grain is highly enriched in deuterium relative to the melt inclusions and apatite from 12040,210. We plot the water content of the melt in equilibrium with 12018 apatite using an appropriate partition coefficient for water between apatite and melt (Vander Kaaden et al., 2012 Treiman et al. (2016) 2016). Higashi et al. (2017) experimentally determined H diffusion in apatite. We compare H diffusion rates in apatite from Higashi et al. (2017) to that of H diffusion in olivine in Supplementary Materials. H diffusion in apatite is faster than in olivine at high, magmatic temperatures, but is similar in both minerals at the lower temperatures that may be prevalent in the cooling cumulate pile of the Apollo 12 basalts, thus either high-temperature hydrogen isotope exchange in the magma or lowertemperature exchange during subsolidus cooling is possible.
. dD (‰) vs. H 2 O (ppm) of Apollo 12 olivine basalt melt inclusions and 74220 melt inclusions
A resolution of this problem is suggested by the D/H values of olivine hosted melt inclusions in the least equilibrated sample that we studied, 12018, which are similar to those of 12040 apatite and olivine-hosted melt inclusions (Table 1 ). The dD of apatite in 12018 (dD = +1439 ± 103‰ (2s)) is not in equilibrium with that of its olivine hosted melt inclusions (dD = -183‰ to +6‰) (Greenwood et al., 2013;  Table 1 ). Walker et al. (1976a) proposed that 12018 was crystallized and cooled closer to the lunar surface than 12035 and 12040 (Fig. 1) . If so, then apatite in 12018 may have crystallized before the 12018 olivine-hosted melt inclusions became closed to equilibration with the interstitial liquid. The interstitial liquid in 12018 would then have been able to continue to evolve and exchange with the liquid trapped in olivine grains after apatite crystallization, causing the disequilibrium in D/H between the 12018 melt inclusions and apatite. Alternatively, the melt inclusions were closed systems and their D/H is representative of early magmatic values, and the high D/H of apatite is due to degassing of H 2 which caused the interstitial liquids to have high D/H (Tartèse and Anand, 2013) . This idea could work for 12018, but it cannot work for its more slowly cooled sibling 12040, which has apatite with low D/H and OH content.
The D/H and OH of apatite and melt inclusions in 12018 and 12040 suggest a model similar to one recently proposed by Treiman et al. (2016) , wherein D/H of apatite in slowly cooled samples was being affected by subsolidus equilibration with hydrogen derived from lunar soils, which contains D-poor solar wind hydrogen (Friedman et al., 1970) . Thus, apatite in rapidly cooled rocks would have high D/H and that in slowly cooled rocks would have low D/H (Treiman et al., 2016) . Here we propose a variant of this model, where we call for D/ H exchange between the late stage interstitial liquids with olivine-hosted trapped melts. The evolution of D/H and H 2 O is a two-stage process, with rapid hydrogen diffusion leading to D/H exchange first, followed by slower dehydration of the samples, which causes water contents of melt inclusion and apatite to decrease with increasing length of cooling time. This model is shown in Fig. 4 The olivine-hosted melt inclusions of 74220 (Saal et al., 2013) could also be explained as resulting from D/H exchange in a near-surface magma chamber before eruption as fire fountain glasses. It should be expected that the 74220 olivine-hosted melt inclusions do not preserve mantle D/H, but instead reflect the D/H of the near-surface magma chamber, if these magmas had residence times near the lunar surface of hours or more (e.g., Gaetani et al., 2012) . Most fire fountain glasses on Earth are erupted from surficial magma bodies, such as fissures and flows, suggesting that fire fountain glasses from the Moon should also result from near-surface magma bodies. If true, then the constraints imposed on the D/H of the lunar mantle from 74220 melt inclusions (Saal et al., 2013) are removed.
CONCLUSIONS
We have measured dD and H 2 O of olivine-hosted melt inclusions in slowly cooled Apollo 12 olivine basalts 12018, 12035, and 12040 by SIMS. We find that the hydrogen isotopes of the olivine-hosted melt inclusions in these three related basalts are identical within error, with dD ranging from -183 ± 212‰ to +138 ± 61‰ (2s). While D/H is similar, H 2 O abundances among the melt inclusions in the three samples are not the same, with the more rapidly cooled sample (12018) of the rocks studied here having abundances of 631 to 740 ppm H 2 O in three of four melt inclusions. All other olivine-hosted melt inclusions measured in 12018, 12035, and 12040 range from 28 to 156 ppm H 2 O.
The olivine-hosted melt inclusions of 12018 are in extreme hydrogen isotopic disequilibrium with its apatite (dD = +1439 ± 103‰ (2s)), while apatite and melt inclusions in 12040 are similar, and near 0‰. An internally consistent model for the evolution of water and its D/H in the Apollo 12 olivine basalts is proposed, in which the olivine-hosted melt inclusions behave as open systems, and hydrogen rapidly equilibrates with the late-stage interstitial melts during cooling (Gaetani et al., 2012) . This can be envisioned as a two-stage process, whereby the olivine-hosted melt inclusions first undergo rapid hydrogen isotope exchange with a low D/H reservoir, and then with subsequent cooling and time, the interstitial liquid dehydrates as water is lost to the vacuum of the lunar surface. Thus, apatite in 12018 preserves the magmatic D/H at the time of apatite crystallization, while the interstitial apatite in 12040 has grown from a melt that has lost most of its water. The olivine-hosted melt inclusions in 12018 are generally higher in H 2 O than those in the more slowly cooled rocks 12035 and 12040, which is consistent with the proposed model. The magmas likely did not undergo complete dehydration, as D/H should become elevated as complete dehydration is approached; also the 12040 olivine-hosted melt inclusions have measurable water contents. This model is qualitatively similar to one proposed by Treiman et al. (2016) , where they proposed exchange with a low D/H reservoir during subsolidus re-equilibration in the solid-state to explain the systematics of lunar basaltic apatite data. Our model differs in that we argue that apatite did not undergo significant later hydrogen isotope alteration, but rather grew from a melt that had already undergone hydrogen isotope exchange (in the case of 12040), but had not yet undergone significant hydrogen isotope exchange until after apatite crystallization for the more rapidly cooled 12018. The model that we develop here is likely a global process for lunar basaltic near-surface lavas, wherein a low D/H component appears to be affecting the late-stage magmas. The most plausible source of the low D/H component would be hydrogen from the solar wind in the lunar regolith.
